Here we report the crystal structure of the DNA heptanucleotide sequence d(GCATGCT) determined to a resolution of 1.1 A Ê . The sequence folds into a complementary loop structure generating several unusual base pairings and is stabilised through cobalt hexammine and highly de®ned water sites. The single stranded loop is bound together through the G(N2)±C(O2) intra-strand H-bonds for the available G/C residues, which form further Watson±Crick pairings to a complementary sequence, through 2-fold symmetry, generating a pair of non-planar quadruplexes at the heart of the structure. Further, four adenine residues stack in pairs at one end, H-bonding through their N7±N6 positions, and are additionally stabilised through two highly conserved water positions at the structural terminus. This conformation is achieved through the rotation of the central thymine base at the pinnacle of the loop structure, where it stacks with an adjacent thymine residue within the lattice. The crystal packing yields two halved biological units, each related across a 2-fold symmetry axis spanning a cobalt hexammine residue between them, which stabilises the quadruplex structure through H-bonds to the phosphate oxygens and localised hydration.
INTRODUCTION
In 1953 Watson and Crick wrote of the structure of DNA (1) and the manner in which the purine and pyrimidine bases are held together through their regular H-bonding patterns, a model which has become ubiquitous within modern science. Today however, it has become clear that the regular model of DNA shown in most texts is not as perfect as originally supposed. The number of structural solutions escalate each year and those at atomic resolution reveal much more of the structural diversity associated with this highly¯exible biopolymer (2, 3) . These studies have revealed that alongside the regular Watson±Crick base pairings a plethora of noncanonical combinations also exist, illustrating the multifunctional roles DNA can play (4±7).
DNA is a highly polymorphic molecule capable of huge conformational changes and forming numerous structural motifs. One class of such structures are DNA quadruplexes, of which the Hoogsteen paired coplanar guanine tetrad (Fig. 1A) is amongst the most studied (6,8±15) . The accumulating evidence appearing in the literature (16±18), regarding its biological signi®cance would seem to provide compelling support for the existence and functions of quadruplex structures within biological systems, making it an attractive therapeutic target (19) . The DNA target involved is telomeric DNA, which consist of single stranded, guanine rich sequences, found at the ends of eukaryotic chromosomes that have now been shown through numerous structural examples, capable of folding into quadruplex structure in vitro. Alongside this many examples are appearing of small organic molecules, such as the anthraquinones and porphyrins, capable of targeting these telomeres, through stacking interactions within the guanine quadruplex (20±23). It should be noted however that multiple guanines are not the only nucleotides that can be shown to produce quadruplex structure (Fig. 1) . The original structure solution of the heptamer d(GCATGCT) by Hunter et al., solved to a resolution of 1.8 A Ê (24) , illustrated this to be true (Fig. 1B) with the existence of a non-planar G/C quadruplex. Further studies of G/C quadruplex formation (25, 26) have revealed a more tightly bound planar tetrad (Fig. 1C) , and more recently several examples (27±29) showing drug binding to the hexamer sequence d(CGTACG) have shown a G/C tetraplex structure and the role of intercalating chromophores in the stabilisation of the greatly enlarged nucleotide tetrad intercalation site (Fig. 1D ). Alongside these, the octamer sequence bi-loop structure d(ATTCATTC) was determined by Pedroso et al. to a resolution of 1.1 A Ê (30) with no guanine nucleotides present, although no true quadruplex is formed within this lattice. The latter structure is not known so far in vivo, although the importance of non-duplex DNA is increasingly recognised (31) .
MATERIALS AND METHODS
The synthetic DNA heptamer d(GCATGCT) was purchased from Oswel DNA services and crystals were grown by vapour diffusion, using conditions optimised from the Hampton Research nucleic acid mini-screening kit at 290 K from sitting drops containing 2 ml 40 mM sodium cacodylate, 1 ml 80 mM cobalt hexammine, 1 ml 10% 2-methyl-2,4-methylpentanediol (MPD), 2 ml 800 mM potassium chloride, 1 ml 30 mM sodium chloride, 2 ml 1 mM DNA and equilibrated against a 1 ml reservoir of 30% MPD. Small rods appeared within 10 days and grew to an optimal size of 0.5 Q 0.2 Q 0.2 mm within 30 days. Synchrotron diffraction data was collected on beam line X11 at 100 K on the EMBL outstation, DESY, Hamburg. A MAR Research CCD was used as the detector to collect highly redundant data to a resolution of 1.1 A Ê , which was subsequently processed and scaled using XDS (32) ( Table 1) . The structure was solved through molecular replacement using the CCP4 version of MOLREP (33) with two of the asymmetric units from the Hunter et al. model (NDB code UDG028) (24) , to yield an R-factor of 0.504 and a correlation coef®cient of 0.688. Anisotropic structural re®nement was carried out with SHELX-97 (34), model building and water divining with XTALVIEW (35) from sigma-A and difference maps calculated with SHELXPRO, to yield a ®nal R-factor of 21.26% and R-free of 22.40%. The structure solution was deposited with the NDB under the code UD0022. All r.m.s. deviation calculations between structural models were carried out with ProFit V2.2 (www.bioinf.org.uk/software/pro®t).
RESULTS
The asymmetric unit of the crystal structure comprises two juxtaposed single strands of d(GCATGCT) each of which fold to form a single stranded loop, the gross structural features of which closely resemble the motif found by Hunter et al. (24) . The novel feature seen here, alongside the increased detail visible due to the use of highly redundant atomic resolution data, is a single cobalt hexammine site stabilising the lattice ( Fig. 2A and B) , where previously magnesium ions have been observed (24) . The`biological unit' for the heptamer sequence d(GCATGCT) consists of two complementary DNA loops related through 2-fold symmetry, generating a double stranded thymine looped quadruplex and two over-hanging thymine bases ( Fig. 2A and B) . The internal structure is stabilised with intra-strand G(N2)±C(O2) H-bonds between the residues C9±G12, G8±C13, C2±G5 and G1±C6. Inter-strand Watson± Crick pairings between the cytosine and guanine residues C9±G12*, G8±C13*, G12±C9*, C13±G8* and G1±C6*, C2±G5*, G5±C2*, C6±G1*, build up the pairs of stacking quadruplexes (Fig. 3) . The quadruplex structure observed does not however exhibit the coplanar geometry more regularly associated with guanine tetrads. Instead the G/C pairs cross at an angle between 25 and 30°allowing for a more effective packing of the phosphate backbone for such a tightly looped structure. This feature is further aided by the single intrastrand G(N2)±C(O2) H-bonds observed, providing the structure with a greater degree of rotational freedom, as opposed to the more highly constrained double links observed within guanine rich quadruplexes. Complementing the quadruplex structure is an inter-strand A10±A10*, A3±A3* base pairing (Fig. 4A) , where each is observed to bind through two N6±N7 H-bonds in the same non-planar orientation observed within the quadruplex. Further, these adenine residues stack at the structural terminus with another pair of adenines in an opposing orientation such that A10 stacks on A3* and A3 onto A10 * , as the loop structure folds back upon itself. The localised phosphates and base edges yield two small pockets ®lled with a single highly conserved water site, O-100, and the symmetry related O-100* in the biological unit, separated by a distance of 8.45 A Ê . These tether the structural termini through a tetrahedral array of H-bonds between A10(O2P), A3(O2P)*, A3(N6)* and A10(N6)* for the 0±100 solvent site and A10(O2P)*, A3(O2P), A3(N6) and A10(N6) for the 0±100* water site, yielding a highly symmetrical, fully stabilised adenine quartet.
The looped conformation is achieved for the biological unit through the central thymine residues T4, T4* and T11, T11* forming a single base loop at the pinnacle of each single strand, at near right angles to the adenine (A10/A3) plane. These residues stack with an adjacent thymine within the lattice, yielding four stacking thymine residues, T11/T4* and T4/T11* (Fig. 4B ). Further to this stacking the thymines are stabilised through highly ordered solvent sites, O-110 that tetrahedrally tethers T11(O2), T4(O4)*, T11(O4¢)* and through O-134, which binds to T4(N3)* and G8(O5)*, in the expected tetrahedral geometry. The symmetry related stabilisations are also observed for O-110*.
At the opposing end of the loop for the biological unit the terminal thymine residues T7/T7* and T14/T14* form a base overhang, forcing the helices to stack away from each other. The residues show a lack of base contacts and stack at the end of the helix to a cytosine, T7/C6* and T14/C13*. The packing is however strengthened through the interaction of T14(O3¢) with T7(O2P)* at a distance of 2.50 A Ê and T14(O2P) with T7(O3¢)* at a distance of 3.23 A Ê , and the same interactions are observed for T7 to T14*.
Further stabilising the structure we observe a cobalt hexammine residue, which binds in a solvent channel between the nucleotide strands, where a highly ordered array of water structure is built up between structural units. A channel of solvent~18 A Ê long, with a cobalt residue either side at a distance of 8.16 A Ê is ®lled with 56 water sites (Fig. 5A ). This channel is enclosed at either end by the¯ipped out thymine residues, T4/T4* at one end and T11/T11* at the other. It is this highly ordered ion and solvent structure that stabilises the looped structure. However, the location of the cobalt ion relative to each symmetry related biological unit differs (Fig. 5B) , with a greater number of direct H-bond interactions with strand 2, C9(O1P)±NCO(N1) of 2.99 A Ê , C13(O1P)±NCO(N3) of 2.95 A Ê and C13(O1P)±NCO(N5) of 3.02 A Ê , than strand 1, A3(O1P)±NCO(N2) of 3.06 A Ê . Numerous solvent mediated bridges complete the stabilisation of the closely packed strands leading to a highly structured solvent network (Fig. 5C ). The cobalt hexammine residue therefore binds discretely, tethering the ends of one loop through C9 and C13* and bridging the adenine quartet through A3* and A10, therefore linking three strands within the unit cell.
For the hepta-nucleotide sequence d(GCATGCT), reported by Hunter et al. to a resolution of 1.8 A Ê , the structure is stabilised through the presence of a magnesium ion at a 2-fold symmetry axis where it directly bridges the helices at residues C2(O1P) and C6(O1P). This yields a more symmetrical packing array with an asymmetric unit comprising a single strand of DNA with an approximately halved c-axial length. These results have shown the ability of cobalt hexammine to stabilise this unusual structural loop in a similar fashion, lowering the crystallographic symmetry with little perturbation from the original model. The increased size of the stabilising ion has however forced a change within the lattice to create the alternative binding site observed, although the overall packing of the DNA loops is of a remarkably similar nature with an r.m.s. deviation of only 0.582 and 0.302 A Ê for strands one and two respectively when compared with the original search model (24) .
DISCUSSION
The non-Watson±Crick base pairing of DNA is increasingly observed in structural biology, providing DNA targets of potential therapeutic value. Although the DNA sequence described here has no current biological relevance it does indicate that we must not simply apply the double helical B-DNA structure to modern biological problems and instead view DNA as the highly polymorphic system it is. The ability of certain DNA sequences to spontaneously form unexpected structural features is well documented with the DNA Holliday junction a good example (36) . Decamer sequences were known to stack in a manner closely related to the Holliday crossover for some time (37) , but it was not until the discovery of the required central ACC core (38) that a crystallographic junction was observed (39, 40) . The increasing amount of structural data solved to atomic or near atomic resolution is allowing for a better understanding of the ®ne structure and exibility of DNA, which is unfortunately generally undecipherable within lower resolution studies. It is this increment in data and model quality that will allow us to improve our predictive knowledge of DNA and its interactions in the quest to discover new and improved therapeutic agents.
